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ABSTRACT
The surfaces of commercially available pure titanium (cpTi) and Ti6Al4V alloy specimens were
modiﬁed to form highly ordered rutile nanorod arrays by chemical treatment and subsequent
aging treatment. The densities of the rutile rods were (1.04 ± 0.06) ×103 and (0.70 ± 0.10) ×103
μm–2 for the cpTi and Ti6Al4V alloy specimens, respectively. Both the rutile nanorod arrays on
the cpTi and Ti6Al4V alloy specimens deposited apatite particles when soaked in simulated
body ﬂuid (SBF) for one day. After soaking for various other periods, scanning electron
microscopy images and thin-ﬁlm X-ray diﬀraction patterns of these specimens showed that
the cpTi specimens exhibited a superior rate of apatite nucleation and favored the formation of
numerous apatite particles with larger diameter. This superior apatite-forming ability of the
cpTi specimens can be attributed to the dense, thick titania layers with higher rutile nanorod
density on their surfaces.
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1. Introduction
Hydroxyapatite (HA) ceramics can bond spontaneously
to living bone. They can be used to produce coating
layers on metallic biomaterials for orthopedic and den-
tal implants to integrate with bony tissues in the human
body [1–3]. The coating layers prepare metallic implants
with excellent mechanical properties to exhibit appro-
priate biocompatibility in the body environment.
Various surface modiﬁcation processes [4–7], such as
the sol-gel method [5], electron-beam deposition [6],
and thermal spraying treatment [7], have been reported
to prepare HA layers on the surfaces of various metallic
biomaterials such as titanium or its alloys. At the same
time, in vitro deposition of bone-like apatite layers on
the surfaces is a widely employed approach to evaluat-
ing the bioactivity of implants [8–10].
Metallic implants made of commercially available
pure titanium (cpTi) and its alloys (Ti6Al4V) are cur-
rently employed for dental and orthopedic applica-
tions. Some previous reports have shown that titania
layers coating titanium and its alloys induce apatite
deposition in Kokubo’s simulated body ﬂuid (SBF).
This ﬂuid has inorganic ion concentrations similar to
those in human blood plasma [11]. Shozui et al. [12,13]
prepared titania layers on various substrates using the
sol-gel method and found that their in vitro apatite-
forming ability depended on the substrates. Hayakawa
et al. [14] examined the eﬀects of an Al substrate and
Ti6Al4V alloys on the nucleation and growth of apatite
in SBF and reported that aluminum species released
into the SBF from the Al substrate or Ti6Al4V alloys
were responsible for inhibiting apatite nucleation on
the surface of the titania layers. In an earlier report,
they applied a liquid-phase-deposited titania coating
to Ti6Al4V alloy substrates in order to reduce the inhi-
biting eﬀect of aluminum species derived from the
substrates on apatite nucleation [15]. Properly
designed gaps (GRAPE technology [15,16]) were also
required, however, to enable in vitro apatite deposi-
tion on the titania coating. If the titania coating depos-
ited in the liquid phase is too thin, the inhibiting eﬀect
of the aluminum species derived from the substrates
may not be suﬃciently mitigated. Thus, titania coat-
ings exhibit a low apatite-forming ability in conven-
tional SBF solutions.
Most recently, the importance of a rutile layer has
been emphasized in inducing apatite formation
in vitro [17,18]. This is because numerous oxygen
atoms are present on speciﬁc facets of rutile. As
reported by Xiao et al. [18], the small lattice mismatch
between the oxygen atoms on speciﬁc facets of rutile
and apatite may be an important factor inﬂuencing the
in vitro apatite-forming ability. In addition, Wu et al.
[19] proposed that a complicated surface morphology
and nanosized rutile crystallites can contribute to
eﬀectively inducing apatite formation in vitro.
According to Rohanizadeh et al. [20], a rutile layer
produced by H2O2 oxidation and subsequent heat
treatment for 30 min can induce deposition of more
apatite particles than are produced using a longer
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heating period (90 min). They also indicated that rutile
layers exhibit excellent adhesion strength with apatite
layers.
Recently, a few studies [17,18] have reported that
titania rods can induce the formation of apatite on their
surfaces in SBF. Our previous report [17] described suc-
cessful preparation of titania rods consisting of anatase
and rutile, and reported their deposition of apatite parti-
cles when soaked for 3d in SBF. However, the eﬀects of
the rod structures on apatite deposition were not exam-
ined and discussed in previous studies. As the above
suggests, further work is still required to obtain
a detailed understanding of the mechanisms by which
nucleation and growth of apatite are induced on rutile
rods.
We have recently reported that dense, thick rutile
layers can be successfully prepared on the entire surface
of a cpTi substrate [21]. If the entire surface of a Ti6Al4V
alloy substrate can be coated with dense, thick rutile
layers, the release of Al from the Ti6Al4V alloy substrate
into the SBF can be inhibited, thereby beneﬁting the
nucleation and growth of apatite on rutile layers in
a conventional SBF. In the present work, cpTi and
Ti6Al4V alloy discs were subjected to chemical treatment
as described in our previous paper [21] to obtain rutile
nanorod arrays on their surfaces. The nucleation and
growth behavior of apatite on the rutile nanorod arrays
obtained on the cpTi and Ti6Al4V alloy discs were com-
pared for the discs soaked in SBF for various periods. The
possible factors aﬀecting apatite deposition on rutile
nanorod arrays fabricated on cpTi and Ti6Al4V alloy sub-
strates were explored.
2. Materials and methods
2.1. Fabrication of rutile rods on cpTI and
Ti6AL4V alloys
Titanium discs (15Φ × 1 mm) were purchased from
GC Corp. (Tokyo, Japan) and Ti6Al4V alloy discs (12Φ
× 1 mm) were purchased from Teijin-Nakashima
Medical Co. Ltd. (Okayama, Japan). The discs were
polished using SiC (#1000) abrasive sandpaper to
prepare smoother substrates, and then cleaned
ultrasonically in ultra-pure water and acetone for
5 min. The cleaning cycle was repeated three
times. Rutile nanorod arrays were fabricated on the
cpTi and Ti6Al4V alloy discs according to the meth-
ods described in our previous reports [21]. In brief,
each cpTi or Ti6Al4V alloy disc was each soaked in
30 mL of treatment solution (TS, pH 0.7) at 80°C for
3 d. The TS contained 0.14 mol∙m−3 TiOSO4 (Maikun
Chemical Company, Shanghai, China), 15 mol∙m–3
hydrogen peroxide (H2O2), and nitric acid (HNO3).
After soaking in TS for 3 d, the samples were washed
ultrasonically in ultra-pure water for 15 min, and
then soaked in 30 mL of ultra-pure water at 80°C
for 1 d as aging treatment. Subsequently, the sam-
ples were dried in air at room temperature and
denoted as CT-specimens (CT-cpTi and CT-Ti6Al4V).
2.2. In vitro evaluation of the ability to induce
apatite deposition
Kokubo’s SBF with an ion concentration similar to that of
human blood plasma was prepared as described in the
literature [11]. Reagent-grade chemicals comprising NaCl,
NaHCO3, KCl, K2HPO4•3H2O, MgCl2•6H2O, CaCl2, and Na2
SO4 were sequentially dissolved in ultra-pure water. (CH2
OH)3CNH2 and 1 mol∙dm
–3 HCl were used to adjust the
pH to 7.4. The ability to induce apatite deposition on the
samples prepared according to section 2.1 was evaluated
by soaking them in 40 mL of SBF at 36.5°C for various
periods. After soaking in SBF, both sides of the samples
were gently washedwith ultra-purewater and dried in air
at room temperature.
2.3. Structural characterization
The crystalline phases of the prepared samples before
and after soaking in SBF were characterized by thin-ﬁlm
X-ray diﬀraction (TF-XRD, X’Pert-ProMPD, PANalytical,
Almelo, the Netherlands: Cu Kα, λ = 0.15418 nm, 45 kV
−40mA). The TF-XRDpatternsweremeasured in the step-
scan mode with a constant X-ray incident angle θ of 1.0°.
The surface morphology of the prepared samples was
examined by ﬁeld-emission scanning-electron micro-
scopy (FE-SEM; JSM-6701F, JEOL, Ltd., Tokyo, Japan). The
samples were covered with high-purity osmium for FE-
SEM observation with a Neoc-STB osmium coater
(Meiwafosis Co., Ltd., Tokyo, Japan). FE-SEM analysis was
also conducted to determine the density of the nanorod
arrays. The rod density of the nanorod arrays is deﬁned as
the number of nanorods per square micron on the sur-
face. At least 15 small images with an area of 1 × 1 μm2
were chosen stochastically from the FE-SEM images, and
the number of nanorods in each image was then col-
lected for calculating the average rod density of each
sample. Scanning electron microscopy (SEM; VE-9800,
Keyence Corp., Osaka, Japan) was used to examine the
surface morphology of the samples after soaking in SBF
for various periods. Before the SEM observation, the sam-
ples were coated with a platinum-palladium coating
(thickness: 10 nm) using a sputter coater (Ion Sputter
E-1030, Hitachi High-Technologies Co., Ltd., Tokyo,
Japan). The SEM images were analyzed using ImageJ
software (version 1.51, Wayne Rasband, NIH, Bethesda,
MD, USA) to determine the quantity, size, and surface
coverage of the deposited apatite particles.
3. Results
Figure 1 shows FE-SEM images of the CT-cpTi and CT-
Ti6Al4V specimens. The low-magniﬁcation images
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(Figure 1(a1, b1)) show dense, rough nanorod arrays
formed on both samples. Dense nanorod arrays
were further conﬁrmed on the CT-cpTi specimen in
Figure 1(a2). Comparing Figure 1 (a1, b1), we can see
that the nanorod arrays formed on the CT-Ti6Al4V
specimen were relatively loose, with some pores and
gaps on their surfaces (white arrow). The evaluated
diameter of some pores and gaps was 100 − 250 nm
(Figure 1 (b2)). A closer look at two characteristic sur-
faces (Figure 1(a3, b3)) shows that that these layers
were made up of rod-like structures. The estimated
width of the rods was approximately 21 − 25 nm for
the CT-cpTi specimen and approximately 14 − 20 nm
for the CT-Ti6Al4V specimen. Although slightly
inclined, these rods grew in the same direction in the
CT-Ti6Al4V specimen. This indicates that the CT-cpTi
substrates favored the formation of lager nanorods.
The rod density for the CT-cpTi and CT-Ti6Al4V speci-
mens was calculated from high-magniﬁcation SEM
images (Figure 1(a3, b3)). The densities of the rods on
the CT-cpTi and CT-Ti6Al4V specimens were approxi-
mately (1.04 ± 0.06) ×103 and (0.70 ± 0.10) ×103 μm–2.
This indicates that the nanorods formed on the CT-cpTi
specimen were much denser than those formed on the
CHT-Ti6Al4V specimen.
Cross-sectional backscattered electron (BSE) SEM
images of the CT-cpTi and CT-Ti6Al4V specimens in
0.14 mol∙m−3 TS after aging treatment are shown in
Figure 2. A boundary line can be conﬁrmed in the
middle of the ﬁgure. The upper part of the ﬁgure is
the formed layer, and the bottom part is the metallic
substrate. A signiﬁcant diﬀerence in the cross-sections
is seen in the thicknesses of the layers. The layer
formed on the CT-cpTi specimen was approximately
1.8 − 2.6 μm thick, while a thinner layer of 1.4 − 1.7 μm
was observed on the surface of the CT-Ti6Al4V
specimen.
Figure 3(a) shows TF-XRD patterns of the samples
after chemical treatment and subsequent aging treat-
ment. The CT-cpTi and CT-Ti6Al4V specimens exhibit
diﬀraction peaks at 2θ angles of approximately 27°,
36°, and 38°, corresponding to diﬀraction from the
(110), (101), and (111) planes, respectively, of rutile
titania (ICDD-JCPDS PDF#21-1276). The remaining
Figure 1. FE-SEM images of CT-cpTi (a1: × 10k, a2: × 30k, a3: × 100k) and CT-Ti6Al4V (b1: × 10k, b2: × 30k, b3: × 100k) specimens.
Figure 2. Cross-sectional BSE-SEM images of (a) CT-cpTi and (b) CT-Ti6Al4V specimens.
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peaks are consistent with the diﬀraction peaks of
metallic substrates. This indicates that the titania layers
consisted of the pure rutile phase. In addition, the
intensities of the (101) planes of rutile on the CT-cpTi
specimen were stronger than those of rutile on the CT-
Ti6Al4V specimen. To conﬁrm the preferred orientation
of rutile layers fabricated on CT-cpTi and CT-Ti6Al4V
specimens, XRD patterns of CT-cpTi and CT-Ti6Al4V
specimens obtained in the 2θ/θ scan mode are
shown in Figure 3(b). It is notable that both CT-cpTi
and CT-Ti6Al4V specimens showed similar diﬀraction
peaks at 27°, 36° and 63°corresponding to (110), (101)
and (002) planes of rutile. In addition, a diﬀraction peak
at 57° ascribable to the (220) plane of rutile can be
observed on the CT-Ti6Al4V specimen. The other dif-
fraction peaks were assignable to α-Ti. The relative
diﬀraction intensities of peaks on the (101) and (110)
rutile planes (I(101)/I(110)) of Figure3(b) was calculated.
The I(101)/I(110) values for CT-cpTi and CT-Ti6Al4V alloy
substrates were 2.6 and 2.3, respectively, which are
higher than the (I(101)/I(110) = 2.2) presented in the
previous study [18]. In addition, the diﬀraction inten-
sities of the (002) planes of rutile on CT-cpTi and CT-
Ti6Al4V alloy substrates were stronger than those on
the other planes of rutile. These results indicated that
the rutile layers were forced to grow along the c-axis.
Figure 4 shows TF-XRD patterns of the CT-cpTi and
CT-Ti6Al4V specimens after soaking in SBF for various
periods. The diﬀraction peaks at 2θ = 25° and 32°
correspond to apatite (ICDD-JCPDS PDF#09-432). It
can be seen that the intensity of the diﬀraction peaks
of apatite increased with the soaking time in SBF.
Figure 4(a) shows that the soaking time required for
detecting the diﬀraction peaks of apatite is 30 h for the
CT-cpTi specimen. On the other hand, it took at least
48 h for the CT-Ti6Al4V alloy specimen to show apatite
diﬀraction peaks. In addition, the intensity of the dif-
fraction peak at approximately 32°, corresponding to
apatite, was stronger on the CT-cpTi specimen than on
the CT-Ti6Al4V specimen soaked for 72 h. The induc-
tion period for apatite formation should be further
conﬁrmed via SEM images, however, due to the limited
sensitivity of the TF-XRD measurements of the samples
after a short immersion in SBF.
Figure 5 indicates the surface morphology of the
samples before and after immersion in SBF for various
periods. After soaking in SBF for 12 h, small hemisphe-
rical particles (1 − 2 μm diameter) appeared on the
surface of the CT-cpTi and CT-Ti6Al4V specimens,
which implies that those particles were deposited
within 12 h of soaking. Nevertheless, the CT-Ti6Al4V
specimens developed a smaller number of particles on
the surface than the cpTi discs within 12 h of soaking.
The diameters of the particles formed on the CT-
Ti6Al4V specimen are also smaller than on the CT-
cpTi specimen. After 24 h of soaking in SBF, more
hemispherical particles, which were identiﬁed as apa-
tite by TF-XRD analysis, formed on the surfaces of both
specimens (Figure 4).
Figure 6(a) shows the diﬀraction peak area at 32° for
use in estimating the amount of apatite particles
deposited on the sample surface. This peak corre-
sponds to the apatite calculated from the TF-XRD pat-
terns of Figure 4 as a function of soaking time. In
Figure 4, the peak area on the CT-Ti6Al4V specimen
was corrected by considering the apparent surface
area of the CT-cpTi and CT-Ti6Al4V specimens. The CT-
cpTi and CT-Ti6Al4V specimens showed similar growth
Figure 3. (a) TF-XRD patterns and (b) XRD patterns in 2θ/θ scan mode of CT-cpTi and CT-Ti6Al4V specimens.
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curves for the amounts of apatite particles. The esti-
mated time required to induce apatite deposition was
12 − 24 h for the CT-cpTi specimen and 30 − 36 h for
the CT-Ti6Al4V specimen. This indicates that the rutile
layers on the CT-Ti6Al4V specimen delayed the induc-
tion of apatite deposition.
On the basis of the SEM observation (Figure 5), the
number and size of the hemispherical apatite particles
on the CT-cpTi and CT-Ti6Al4V specimens were plotted
as a function of soaking time in the range of 0 − 72 h in
Figure 6(b, c). Both samples exhibited similar monoto-
nically increasing behavior of the particle number.
There were more apatite particles on the CT-cpTi speci-
men than on the CT-Ti6Al4V specimen throughout the
soaking time in SBF. Although there was no signiﬁcant
diﬀerence in the size of the apatite deposited on the
surfaces of the CT-cpTi and CT-Ti6Al4V specimens in
Figure 6(c), the slope of the curve for the CT-cpTi
specimen was slightly steeper than that for the CT-
Ti6Al4V specimen. The number and size of the hemi-
spherical apatite particles increased with the soaking
time in the range from 0 h to 40 h. (Figure 6(b, c)) This
implies that the primary and secondary nucleation and
growth of apatite occurred up to 40 h.
In Figure 6(d), the number of apatite particles is
plotted as a function of coverage. Although the num-
ber of deposited apatite particles was diﬀerent, the CT-
cpTi and CT-Ti6Al4V specimens both exhibited similar
increasing behavior. The CT-cpTi specimen reached
a plateau at about 35% coverage, while the CT-
Ti6Al4V specimen plateaued at about 45% coverage.
The curve in Figure 6(d) shows a monotonic increase in
the number of particles in the 0–40% coverage range
due to the primary and secondary nucleation and
growth of apatite, followed by a plateau stage due to
the secondary nucleation and growth of apatite.
4. Discussion
Regardless of the surface morphology of the substrates
subjected to chemical and aging treatments, apatite
was formed on both the CT-cpTi and CT-Ti6Al4V speci-
mens in SBF within three days. Takadama et al. [22]
reported treatment of a Ti6Al4V alloy substrate with
NaOH solution to induce apatite deposition in vitro
after soaking in SBF for 120 h. They indicated that Ti-
OH groups, which are important for in vitro apatite
nucleation, were formed on the surface due to the
exchange between Na ions on the Al and V-free
sodium titanate layer and H3O
+ in the SBF. They
described a similar process of apatite deposition on Ti
with NaOH treatment [23]. The ability to induce apatite
deposition on Ti6Al4V alloys with mixed acid treat-
ment followed by heat treatment has, moreover,
been discussed by Yamaguchi [24]. The author
reported that the treated Ti6Al4V alloys did not form
apatite in SBF within three days. In contrast, the results
in our work demonstrated that rutile arrays on CT-cpTi
Figure 4. TF-XRD patterns of (a) CT-cpTi and (b) CT-Ti6Al4V specimens before and after being soaked in SBF at 36.5°C for various
periods up to 72 h.
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and CT-Ti6Al4V specimens are useful for inducing apa-
tite deposition in SBF within one day. It is also impor-
tant to note that the behavior of apatite formation
diﬀered on the CT-cpTi and CT-Ti6Al4V specimens.
As reported by Uchida et al. [25], apatite was formed
on titania layers because the atomic oxygen arrange-
ments in titania crystal structures were suitable for epi-
taxy of the hydroxyl groups of apatite crystals in SBF. Xiao
Figure 5. SEM images of the surfaces of CT-cpTi and CT-Ti6Al4V specimens after soaking in SBF at 36.5°C for various periods.
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et al. [17] have emphasized the importance of crystal
lattice matching between rutile or anatase layers and
apatite in inducing apatite formation in SBF. On the
other hand, Li et al. [26] have proposed that the apatite-
forming ability of titania layers in vitro is owing to the
presence of Ti−OH groups on the surface. They high-
lighted the associated responsibility of the negatively
charged surface as well as the number of Ti−OH groups
in inducing apatite formation. Uetsuki et al. [27] revealed
that Ti−OH groups would exist on titania layers in two
kinds of states, acidic and basic. In other words, titania
surfaces support the coexistence of positively charged
Ti−OH2
+ and negatively charged Ti−O− when exposed to
SBF. The arrangement of Ti−OH2
+ and Ti−O− sites on the
surface determined the surface charge density, surface
energy, and primary apatite nucleation. Ti−OH2
+ sites
and Ti−O− sites on the titania surface were expected to
accept the positive (calcium) and negative (phosphate)
ions of SBF to form an apatite nucleus simultaneously.
The secondary apatite nucleation and growth depended
on the rate of primary apatite nucleation. According to
our results, moreover, the density of rutile nanorods can
be newly considered to inﬂuence the ability to induce
the heterogeneous nucleation and growth of apatite.
From the above discussion, we derived certain conclu-
sions on apatite nucleation and growth on the surfaces of
the rutile rod arrays on the CT-cpTi and CT-Ti6Al4V speci-
mens, as follows:
(a) Active sites for primary apatite nucleationmust be
provided on the top surface of the rutile rods.
These active sites consist of Ti−OH2
+ sites and Ti
−O− sites on the rutile rods. The number of sites
corresponds to the number of deposited hemi-
spherical apatite particles on the surface.
(b) The rate of primary apatite nucleation and
growth and the frequency of the nucleation
must be dependent on the density of the active
sites on the rutile rod arrays.
(c) The rate of secondary apatite nucleation and
growth and the frequency of the nucleation must
be dependent not only on the density of the active
sites on the rutile rod arrays but also on the density
of the rutile rods themselves. This secondary apa-
tite nucleation and growth determine the dia-
meters of hemispherical apatite particles.
Figure 6. (a)Thin-ﬁlm X-ray diﬀraction peak area at 2θ = 32°corresponding to apatite, (b) the number of deposited apatite
particles, and (c) the average diameter of deposited apatite particles, as a function of soaking time in SBF. (d) The number of
apatite particles is plotted as a function of coverage, which is the fraction of the surface covered by the apatite particles.
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Figure 7 illustrates apatite nucleation and growth
on the rutile nanorod arrays on (a) CT-cpTi and (b) CT-
Ti6Al4V specimens. According to Figure 6(a), the induc-
tion period for apatite formation extended in the order
CT-cpTi < CT-Ti6Al4V. The changes in the diﬀraction
peak area of apatite for the CT-Ti6Al4V specimens in
Figure 6(a) indicated that the CT-cpTi substrate favors
greater formation of apatite compared to the CT-
Ti6Al4V specimen. The number of apatite particles
(Figure 6(b)) indicated that the number of active sites
for apatite nucleation on the CT-cpTi specimen
was larger than that on the CT-Ti6Al4V specimen. As
indicated in Figure 6(d), though the CT- cpTi and CT-
Ti6Al4V specimens showed similar curves, the maxi-
mum number of apatite particles was greater on the
surface of the CT-cpTi specimen. Such inactivation of
apatite nucleation at an early stage may be
a characteristic feature of CT-Ti6Al4V. The above ﬁnd-
ings indicate that the CT-Ti6Al4V specimen could not
provide as many active sites for inducing apatite for-
mation as the CT-cpTi specimen in SBF. As shown in
Figure 1, a view from above shows the rod-like struc-
tures to be circular, and the densities of the rod-like
structures approximately (1.04 ± 0.06) ×103 and
(0.70 ± 0.10) ×103 μm–2 for the CT-cpTi and CT-
Ti6Al4V specimens, respectively. Although the widths
of the nanorods on the CT-cpTi and CT-Ti6Al4V speci-
mens were diﬀerent, the sizes of nanorods on the two
samples were closely similar (around 20 nm). The eﬀec-
tive surface area of each rutile rod for producing active
sites was ca. 3.14 × 10–4 μm2. As seen in Figure 6(b), the
number of active sites for apatite nucleation could be
estimated when apatite particles covered the entire
surface after 48 h of soaking in SBF. The densities of
the active sites were ca. 0.16 and ca. 0.13 μm–2 on the
CT-cpTi and CT-Ti6Al4V specimens, respectively. The
possible relationship between the rutile rod density
(per square micron) and active-site density (per square
micron) is displayed in Table 1. We indicated that the
rutile rod density on the surface varies by approxi-
mately 4.6 × 104 − 6.9 × 104 (eﬀective surface area:
14.44 − 21.66 μm2). This density is attributed to hetero-
geneous primary and secondary nucleation and
growth of apatite and is possible a major determining
the diﬀerence in apatite-forming ability. This indicates
that the active-site density must increase as the density
of the rutile rods increases.
In other words, rutile nanorod arrays on the CT-
Ti6Al4V specimen involved fewer active sites for primary
apatite nucleation. At an early stage, superior apatite
nucleation occurs on the rutile arrays for the CT-cpTi
substrate in supersaturated SBF owing to the high rod
density on their surfaces. In Figure 6(b, c), the number
and diameter of apatite particles increased with the
soaking time in the range from 0 h to 40 h due to
primary and secondary nucleation and growth of apa-
tite. As indicated in Figure 6(d), rutile nanorod arrays on
the CT-cpTi specimen were supposed to provide more
active sites for primary apatite nucleation. This implies
Figure 7. Schematic diagram of apatite nucleation and growth on rutile nanorod arrays of (a) CT-cpTi and (b) CT-Ti6Al4V
specimens in SBF.
Table 1. Relation between rutile rod density and active-site
density for CT-cpTi and CT-Ti6Al4V specimens.
Sample CT-cpTi CT-Ti6Al4V
Rod density (μm−2) (1.04 ± 0.06) ×103 (0.70 ± 0.10) ×103
Active-site density (μm−2) 0.16 0.13
Rods (per active site) 6.1 − 6.9 × 104 4.6 − 6.1 × 104
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that a relatively large number of apatite nuclei are pro-
vided on the rutile rod array of the CT-cpTi specimens.
These nuclei would acceptmore calcium and phosphate
ions in SBF at the second stage of apatite growth.
Thus, the large size of apatite secondary particles was
attributed to the secondary nucleation and growth. The
CT-cpTi specimen exhibited a stronger intensity of dif-
fraction peaks corresponding to apatite after soaking in
SBF for 72 h, as shown in Figure 4. This intensity could be
attributed to the thick apatite layer on its surface. In
addition, thick rutile layers were obtained on the surface
of the CT-cpTi specimen, as shown in Figure 2(a). One
possible explanation for the strong diﬀraction intensity
of apatite is that thick rutile layers with high rod density
provide more active sites for apatite formation.
In summary, highly ordered rutile nanorod arrays
were synthesized on cpTi and Ti6Al4V alloys by chemical
treatment and subsequent aging treatment. The rutile
nanorod arrays exhibited an excellent ability to induce
apatite formation. The superior apatite formation ability
of the CT-cpTi specimen can be ascribed to the presence
of a dense, thick rutile layer with high rod density.
5. Conclusions
Highly ordered rutile nanorod arrays were successfully
prepared on the surfaces of cpTi and Ti6Al4V alloys by
chemical treatment and subsequent aging treatment.
The cpTi specimen favored the formation high-density
rutile rods. Apatite particles were formed on the rutile
nanorod arrays on the CT-cpTi and CT-Ti6Al4V alloy
specimens by soaking the samples in SBF. However,
the behavior of the apatite deposition on the two
specimens was diﬀerent. There were more deposited
apatite particles on the CT-cpTi specimens than on the
CT-Ti6Al4V alloy specimens after three days of soaking
in SBF. The inferior ability to induce apatite nucleation
on the CT-Ti6Al4V alloys at an early stage was due to
the low density of rutile rods on the surface of the CT-
Ti6Al4V alloy specimens, indicating that the amount of
deposited apatite corresponded to the density of the
rutile rods. Owing to the presence of a dense, thick
rutile layer with high rod density on its surface, the CT-
cpTi specimen showed superior apatite-forming ability
to that of the CT-Ti6Al4V alloy specimens.
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